In ovine pregnancy, uterine space restriction (USR) resulting from decreased space for placental attachment caused intrauterine growth restriction and impaired nephrogenesis. The fetal kidney renin-angiotensin system (RAS) is involved in nephrogenesis, fluid balance, and iron deposition. Angiotensin II exerts its effects via multiple receptors: angiotensin II 1-8 receptor type 1 (AT 1 R) and type 2 (AT 2 R), and angiotensin II 1-7 Mas receptor (MASR). Objective: To test the hypothesis that ovine USR is associated with dysregulation of the fetal renal RAS. Methods: Multiparous pregnant ewes (n = 32), 16 with surgical bifurcated disconnection of one uterine horn to further reduce placental attachment sites, were studied. USR (n = 31) ovine fetuses were compared to nonspace restricted (NSR) singleton controls (n = 22) on gestational day (GD) 120 or GD130, term GD147. Fetal plasma was collected to evaluate plasma renin activity and iron indices. Fetal kidney AT 1 R, AT 2 R, and MASR proteins were assessed by Western immunoblotting and immunohistochemistry. Results: AT 1 R, AT 2 R, and MASR protein expression was higher in USR at GD130 than aged-matched NSR and USR at GD120, (P < 0.05 all). AT 1 R and AT 2 R localization was homogenous throughout proximal and distal tubules in both USR and NSR at both gestational dates. MASR localization was punctate throughout renal cortical structures including tubules and glomeruli in both USR and NSR, shifted to intranuclear at GD130. Plasma renin activity was inversely related to plasma osmolarity (P < 0.02) and was downregulated in USR at GD130 (P < 0.05). Kranch-Shorthouse et al., 2017, Vol. 96, No. 1 Conclusions: By late gestation, USR upregulated renal angiotensin receptor expression, an effect with potential functional implications.
Introduction
Ovine pregnancy is used as an animal model of human pregnancy to study physiological and morphological changes that occur due to intrauterine growth restriction (IUGR) [1, 2] . IUGR can impair nephrogenesis in both humans and in animal models, ultimately increasing risk for hypertension in adult life [3] . Offspring of multifetal gestation pregnancies commonly develop IUGR and the increased risk of hypertension [4, 5] . While hypertension is often linked to renal mechanisms, the effects of multifetal gestation-induced IUGR on renal development are not well described. The ovine model of uterine space restriction (USR) was developed by reducing the number of placental attachment sites via surgical uterine bisection and multifetal gestation within a single horn of the uterus. IUGR was demonstrated with near-complete growth arrest between gestational day (GD) 120 and GD130 [6] [7] [8] . This animal model enables further study of the impact of multifetal gestation-induced IUGR on both renal development and fetal physiology [6] .
In this model, we previously described fetal adaptations in USRinduced IUGR including developmental changes in fetal (a) renal structural architecture, (b) renal endocrine function, and (c) renal excretory function [6] [7] [8] . Kidney weight was proportional to body weight despite a nephron deficit [8] , which supports glomerular hyperfiltration or overworking of the remaining nephrons that produce greater plasma flow per nephron, a problem that is a common precursor to the development of microalbuminuria and hypertension [9] . Because the renal renin-angiotensin system (RAS) regulates intrarenal pressures, these findings led us to consider that the renal RAS, an important driver of fetal nephrogenesis [1] , may be modified by either changes in plasma renin activity, the rate-limiting step in angiotensin II production, or by altering receptor subtype expression because these are developmentally regulated.
Compared to their nonspace restricted (NSR) counterparts, we also previously found that USR kidneys exhibited hyperplastic macula densa (MD) [8] , i.e., the specialized osmoreceptor cells that regulate intravascular volume by sensing salt concentrations and modulating juxtaglomerular renin production [10, 11] . In our published work, USR fetuses experienced higher hematocrit, consistent with human and animal models of IUGR [8, 12] , but also higher osmolarity, higher placentomal weights, and nonelevated plasma erythropoietin, which led us to consider the likelihood of hemoconcentration and altered renin activity in USR. In addition, the laboratory previously found that kidneys in fetal USR-induced IUGR also contained higher renal iron concentrations (μg/g), but unchanged cortical expression of the cell surface iron importer, transferrin receptor (TfR1) [7] , supported interference with the negative feedback loop that would downregulate TfR1 expression [7] .
Angiotensin II, the ultimate peptide product of plasma renin activity, acts via multiple G protein-coupled receptors, including angiotensin II 1-8 receptor types 1 (AT 1 R) and 2 (AT 2 R), and angiotensin II [1] [2] [3] [4] [5] [6] [7] Mas receptor (MASR) [13] . Angiotensin II-mediated effects depend upon which receptor is activated. Angiotensin II infusion in adult rats increased TfR1 expression, density of AT 2 R expression in the MD and increased renal iron deposition [14] . Developmental expression of ovine angiotensin receptors is comparable to that in humans as evidenced by nephrogenesis ceasing late in gestation and is also similar to rat models as evidenced by early AT 2 R messenger RNA (mRNA) expression, followed by increasing and then persistent AT 1 R mRNA expression in normal postnatal life [15] . Postnatal expression of AT 1 R, AT 2 R, and MASR in IUGR are not well characterized [16] . Much less is known about the role of MASR.
Thus, we hypothesized that ovine USR upregulates angiotensin receptors, which, in turn, influences plasma iron indices and fluid balance. Evaluating USR and NSR ovine fetuses at GD120 and GD130, the specific aims of the current study were to (1) quantify the expression levels of the angiotensin receptors in renal cortex; (2) localize expression of the angiotensin receptors AT 1 R, AT 2 R, and MASR in kidney; (3) characterize the relationship of angiotensin receptors with plasma renin activity, plasma osmolarity, and plasma creatinine; and (4) examine the relationship of angiotensin receptors with plasma iron indices.
Materials and methods

Animals
Animal protocols were reviewed and approved by the University of Wisconsin School of Medicine and Public Health Research Animal Care and Use Committees. Multiparous ewes of mixed Western breeds (n = 32) were group housed and fed a mixture of hay and corn silage that met daily National Research Council feed requirements for pregnant sheep. Multiparous ewes were used to minimize the effect of the ewe on morphometrical and physiological parameters. Surgical and synchronization procedures have been previously described [6] [7] [8] . In order to further model decreased placental attachment, some ewes were randomly assigned to one of two surgical treatment procedures: unilateral uterine horn ligation with complete disconnection of one uterine horn and intercornual vascular connections at least 2 months prior to breeding to a fertile ram in order to restrict space for embryonic implantation; or without a uterine horn ligation [6] [7] [8] . Nonunilateral describes the subset not undergoing ligation, but was either a sham procedure or tubal ligation. A subset of ewes underwent an ipsilateral oviductal ligation to facilitate sufficient singleton numbers for NSR comparisons due to the high prevalence of multifetal gestations in the closed flock secondary to Polypay and Booroola genes.
Pregnancy was confirmed using ultrasound by GD60 [6] [7] [8] . Other data from this fetal cohort presented herein were previously described [6] [7] [8] . Nonspace restricted was defined as one fetus per horn, whereas USR was defined as more than one fetus per horn reflected by a demarcation in number of placentome attachment sites [6] [7] [8] . Nonsurvival surgery with sodium pentobarbital (50 mg/mL) was performed on either GD120 (n = 16 ewes) or GD130 (n = 16 ewes), term being 147 days [6] [7] [8] . The USR group included nonunilateral ligation triplets (n = 21), nonunilateral ligation quadruplets (n = 4), and unilateral ligation triplets (n = 6) while the NSR group included nonunilateral ligation singleton fetuses (n = 9) and unilateral ligation singletons (n = 13) [6] [7] [8] . This fetal cohort [6] [7] [8] included both sexes and consisted of 12 NSR (37% males) and 12 USR fetuses (58% males) at GD120, and 10 NSR (60% males) and 19 USR fetuses (58% males) at GD130. The percentage of male and female fetuses by the study groups did not differ (P = 0.6).
Kidney Western blot
Fetal kidney specimens were collected, weighed, and stored frozen at -80
• C prior to being homogenized in lysis buffer (Na 4 
Kidney immunohistochemistry (IHC)
Fetal kidney specimens were fixed in formalin and paraffin embedded using 10 μm sections for immunohistochemical localization of AT 1 R, AT 2 R, and MASR. Slides were deparaffinized with CitriSolv (Fisher Scientific, Waltham, MA) and rehydrated in graded ethanol (EtOH), decreasing from 100% to 95% to 70% EtOH and then rinsed with distilled water. Antigen retrieval was performed by boiling the tissue in a 10 mM, pH 6.5 citrate buffer for 20 min. Peroxidase activity was blocked using 10% hydrogen peroxide for 10 min. Slides were counterstained with hematoxylin and differentiated with 1% hydrochloric acid (HCl) in 70% EtOH. Nonspecific antibody binding was blocked with diluted horse serum (Vector Laboratories, S-2000 Burlingame, CA). Polyclonal anti-AT 1 R (Santa Cruz Biotechnology sc1173), polyclonal anti-AT 2 R (Santa Cruz Biotechnology sc-9040), monoclonal anti-MASR (Alomone Labs AAR-013) were used as primary antibodies and donkey anti-rabbit IgG HRPconjugated (Santa Cruz Biotechnology sc-2317) and goat anti-mouse IgG HRP-conjugated (Santa Cruz Biotechnology sc-2005) were used as secondary antibodies to localize the different angiotensin receptors. Slides were incubated in Vectastain R.T.U. ABC reagent (Vector Laboratories PK-7100) for 30 min. 3,3 -diaminobenzidine (DAB) (Vector Laboratories SK-4100) was applied for 15 min and then the slides were dehydrated via distilled water, then 70% EtOH, 95% EtOH, and 100% EtOH. Permount (Fisher Scientific, Waltham, MA) was used to affix coverslips. Digital photomicrographs with a SPOT Insight Camera (Diagnostic Instruments, Sterling Heights, MI) were taken using a Nikon Eclipse 50i microscope (Melville, NY). Photomicrographs were captured using camera at 100× with micron markers attached.
Plasma collection and chemistry
Heparinized and EDTA blood were collected from the fetal umbilical vein and artery prior to removal of the fetus and euthanasia. Blood was centrifuged for 10 min at 3600× g at 4
• C and stored available from these fetuses and similarly treated fetuses (n = 73 total) were used to assay plasma renin activity (ALPCO ELISA, Salem, NH). Plasma total iron-binding capacity (TIBC) by the FerroZine method using an Unbound Iron Binding Capacity assay kit (Thermo Scientific).
Data analysis
Statistical analyses were performed using JMP Pro 11 (SAS Institute Inc, Cary, NC) and StatView (Abacus Corporation, Baltimore, MD). Student t-test for parametric bivariate comparisons was performed. For multivariate analyses comparing gestational age by treatment, two-way ANOVA was used for data normally distributed or for data logarithmically converted to normalize the distribution, except for nonparametric analysis for MASR, using Kruskal-Wallis with Mann-Whitney U tests. Each immunoblot grouping utilized fetuses from at least three ewes. The fetus, instead of the ewe, was used as the experimental unit for analyses. Efforts were made to minimize the effect of the ewe on outcomes, so only multiparous ewes were used. This was justified since previously we found that space restriction (more than one fetus per horn) held the greatest impact on various fetal morphometrical parameters than did the individual ewe [17] . Plasma osmolarity (mmol/L) was calculated using the formula:
. Based on data from our larger fetal sheep population, dichotomous expression of high fetal plasma TIBC was designated as ≥80 μg/dL. Immunoblot optical densities were normalized to GAPDH expression and standardized as fold difference of NSR at GD120. Using immunoblot densities, designation of high angiotensin receptor expression was ≥1.5 fold of each receptor expression at GD120. Data are presented as means ± SEM, with significance set at P < 0.05.
Results
Kidney Western blot
Angiotensin receptor expression in USR and NSR fetuses was compared at both GD120 and GD130 using Western blot analysis ( Figure 1A ). Renal AT 1 R (P < 0.05 for all, Figure 1B) , AT 2 R (P < 0.02 for all, Figure 1C) , and MASR protein expression (P < 0.05 for all, Figure 1D ) were greater in USR at GD130 than aged-matched NSR as well as USR and NSR at GD120. The ratio of AT 2 R/AT 1 R in USR at GD130 was also greater than NSR at GD130 (P < 0.025), and both groups at GD120; however, the ratio of AT 2 R/MASR did not differ by treatment or gestation. Renal AT 2 R expression was directly related to both AT 1 R (P < 0.0003) and MASR expression (P < 0.0001), while there was no relationship appreciated between AT 1 R and MASR (P = 0.09) (Figure 2A-C) .
Kidney immunohistochemistry
Distribution of fetal renal angiotensin receptor expression was similar in USR and NSR at the same gestational age. Immunohistochemistry analyses of renal tissue localized AT 1 R and AT 2 R in NSR and USR fetuses at GD120 ( renal MASR in NSR and USR at GD120 was homogenous in the cytoplasm ( Figure 3E and F) . However, at GD130 AT 1 R expression appears in the distal tubules, MD, and glomeruli and is localized in a homogenous pattern intensified in the basolateral cytoplasm rather than the apical proximal tubules and in discrete areas in the glomeruli ( Figure 4A and B). AT 2 R expression at GD130 appears in most cell types, including the basolateral cytoplasm of distal tubules, MD, glomeruli, and proximal tubules ( Figure 4C and D) . MASR expression at GD130 appears to have shifted from more generalized distribution to punctate areas of the nuclei, distal tubules, and MD while also in the glomeruli and the proximal tubular cells ( Figure 4E and F). In the nephrogenic zone, no differences in expression patterns or localization of angiotensin receptors were appreciated when compared by either gestational age or treatment group. Control stains are available in Supplementary material Figures 1 and 2 .
Plasma measurements and comparison to angiotensin receptors
To examine relationships between angiotensin receptors and physiological measurements, simple regression analyses were performed between plasma renin activity, osmolarity, creatinine, and iron indices. Plasma renin activity levels in the expanded group of USR fetuses were lower by GD130 as compared to USR at GD120 (P < 0.05) ( Figure 5A ) and without significant change appreciated between NSR groups at both gestational dates. Plasma renin activity had no appreciable relationship with AT 1 R, AT 2 R, or MASR at GD120 or GD130. Although fetal plasma osmolarity is controlled by placental function and not fetal renin activity, there was an inverse relationship with plasma renin activity values (P < 0.02) (Figure 5B) . However, fetal plasma osmolarity was directly related to renal AT 1 R (P < 0.02) and AT 2 R (P < 0.02), but not MASR (P = 0.06) ( Figure 6A -C). Fetal plasma creatinine was directly related to renal AT 2 R (P < 0.03) and MASR (P < 0.003), but not to AT 1 R. Mean plasma TIBC (μg/dL) was previously found to be higher in USR at GD130 than other groups [7] . With demarcation of high vs. normal levels of both fetal plasma TIBC and each renal angiotensin receptor, it was found that all fetuses exhibiting both high TIBC and either high AT 1 R, high AT 2 R, or high MASR were all from the USR at GD130 group; P < 0.005.
Discussion
The data we present herein show a link between multifetal USRinduced IUGR dysregulation of angiotensin receptor expression and iron metabolism in late gestation ovine fetal kidneys. Uterine space restriction-mediated placental insufficiency in this multifetal model affected the development of fetal renal RAS expression in late gestation as evidenced by upregulation of the expression of angiotensin receptors and lowering of plasma renin activity. Protein expression of renal AT 1 R, AT 2 R, and MASR rose over time for USR, but was unchanged in NSR. AT 2 R mRNA in rats was found during rapid cell proliferation in early-stage nephrogenic differentiation, whereas AT 1 R was appreciated later during renal structural differentiation and in postnatal life, exerting different physiological effects than AT 2 R [18] . MASR expression patterns in development have not been described, but MASR and AT 2 R are known to exert similar angiotensin II-mediated effects in adults. Our finding of a higher ratio of AT 2 R relative to AT 1 R expression in more mature USR fetuses contrasts with that previously described in normal development, either a normal developmental fall in renal AT 2 R expression in sheep and rats [15, 18] or a relatively constant renal AT 2 R expression [16] . Similar to our findings, fetal hypoxia was previously shown to program persistently higher ratio of AT 2 R relative to AT 1 R receptor in adolescent lambs with abnormal kidney function and nephron deficit [19] ; both this study and the current study support altered fetal programming of the normal AT 2 Rvs. AT 1 R-mediated angiotensin II effects. The current data support the speculation that circumstances that upregulate AT 2 R expression also upregulate MASR expression, so understanding the regulation of AT 2 R and MASR should be a focus of future investigation.
Using immunohistochemistry, we describe morphological localization of key angiotensin receptors in late ovine gestation in both NSR and USR, finding that localization of AT 1 R and AT 2 R did not differ by space restriction and may be more consolidated as gestation progressed. Angiotensin receptor expression was localized in the MD, glomeruli, and distal tubules, consistent with previous reports in other etiologies of IUGR [20] . In adult mammals, expression of AT 1 R was localized to the proximal and distal tubules, glomeruli, and vascular bundles, with AT 2 R mostly in the proximal and distal tubules, and outer medulla [21] , and only minimal presence in the glomeruli and vascular bundles [20] . In the developing kidney, AT 2 R was reported to be localized to the nephrogenic zone in mice and to the MD in fetal sheep until maturation of the nephrogenic zone [21] ; however, we found ongoing expression of AT 2 R as gestation progressed and nephrogenic zone completed, especially in USR, perhaps due to delayed maturation of the nephrogenic zone in USR. In contrast to AT 1 R and AT 2 R, much less is known about the function, expression, and localization of MASR in developing kidney; however, in this study MASR was localized throughout the ovine fetal kidney including proximal and distal tubules, and MD. MASR was more punctate, apparently in the cytoplasm of USR than NSR at GD120, possibly present in endocytic vesicles or subcellular organelles. However, at GD130, MASR was predominantly intranuclear in both treatments. A lack of MASR immunostaining was appreciated with autoradiography in rat kidneys [22] ; however, another study found MASR immunohistochemical staining in rat proximal tubule cells and adult sheep renal tissue [13] .
In the current study, we observed that fetal plasma renin activity was not related to angiotensin receptor expression, but plasma renin activity was inversely correlated to fetal plasma osmolarity. Likewise, angiotensin receptors were directly correlated to osmolarity, but both these relationships were dominated by USR fetuses with the highest osmolarity. Fetal osmolarity is normally controlled by the placenta, not the fetus [23] , and the relationship was dominated by fetuses whose plasma osmolarity was higher than levels reported in normal late gestation fetuses [24, 25] . In this model, we previously found a fluid shift away from fetus toward the placenta in USR fetuses and perhaps the fall in plasma renin activity in USR at GD130 may reflect this shift. Our data are consistent with previous reports of lower fetal plasma renin activity in normal third trimester lambs [26] and lower plasma renin activity in third trimester lambs after single nephrectomy than their intact counterparts [27] or stable fetal plasma renin activity between GD120 and GD130 in normal lamb fetuses [28] . Finding lower plasma renin activity in USR than NSR could be consistent with reportedly higher blood pressure near term as the sympathetic division of the autonomic system matures [29] . It is unclear why our data differ from a historical report that found normal developmental increases in plasma renin activity between GD111 to term [30] , but fetal serial blood sampling in this study was performed over a longer period (33 days), blood was collected post catheter placement procedure, and that relatively small phlebotomy losses can raise levels. Our data also differ from a previous report describing that plasma renin activity at birth did not differ between an umbilical-placental model of IUGR and normally grown lambs [31] and higher plasma renin activity in a fetal hemorrhage model at GD130. [32] , but these models were acute insults, while the pathology of our USR model began during early placentomal attachment.
The current study supports a relationship between angiotensin receptor expression and plasma iron delivery in the developing kidney. Our previous data supported abnormal fetal renal iron accumulation in USR-induced IUGR. In adult rats, angiotensin II infusion caused renal iron deposition by upregulating TfR expression [14, 20, 33] . Fetal renal iron (μg/g of tissue) and plasma TIBC were both previously shown to be elevated in USR fetuses in this model , and glomeruli (star) are identified when present. AT1R and AT2R are expressed not only in the proximal and distal tubules, but also into the MD and glomeruli at GD130. Expression of MASR continues to be throughout but there is some indication that localization is intranuclear in the proximal and distal tubules and the glomeruli. [7] and now found to be related to renal AT 1 R, AT 2 R, and MASR expression. This finding is of much interest because iron deposition can be mediated by angiotensin II [1] [2] [3] [4] [5] [6] [7] [8] [14, 33] , likely through iron delivery via internalization of the TfR1 complex in tubular epithelium. It is possible that AT 2 R or MASR could facilitate iron deposition, by improving the effectiveness of angiotensin II [1] [2] [3] [4] [5] [6] [7] [8] or angiotensin II [1] [2] [3] [4] [5] [6] [7] by inhibiting a fall in TfR1-mediated transport or increasing the delivery of transferrin through the glomerular filtrate.
Strengths of this study include the use of a well-defined ovine model of IUGR to quantitate and localize the angiotensin receptor expression. This ovine model previously found that when fetal number per uterine horn exceeded one, whether due to unilateral surgical reduction or due to higher order multiple gestation, IUGR due to loss of placentomal and uterine capacity was appreciated [6, 8] . Leveraging this model to localize angiotensin receptor expression is especially important for MASR, of which there is relatively little known, but now we are reporting the novel finding of greater MASR expression via Western Blot analysis in IUGR and movement of MASR into the nuclei of late gestation ovine kidneys via histologic examination. Weaknesses include small sample size and no direct intervention with angiotensin II, but finding correlations between angiotensin receptor expression and iron deposition was novel.
(A) (B) Figure 5 . Plasma renin activity (PRA) and physiological changes. (A) Plasma renin activity (ng/mL/h) expressed at GD120 and GD130, and as NSR (white bars) and USR (black bars), mean ± SEM. ' ‡' indicates difference from NSR GD130. Plasma renin activity differed (P < 0.05), without interactive term between space and day group. In the figure, ' ‡' indicates post hoc difference from NSR GD130, showing activity was lower in USR at GD130 as compared to USR at GD120 (P < 0.05); however, no change was appreciated between NSR gestational dates. (B) An inverse relationship was observed between PRA (ng/mL) and plasma osmolarity (mmol/L) in NSR (P = 0.02) (X) and USR (P = 0.02) (solid circles).
Adaptations in late gestation fetal RAS development could potentially lead to maladaptive alterations in fetal, neonatal, and adult physiology influencing hypertension in adulthood. These findings are clinically relevant because 6% of human pregnancies are complicated by twins, higher order multifetal human gestations, or uterine anomalies limiting space for placental development. Those suffering from USR-induced IUGR have shown to have a higher likelihood of hypertension as they age. This study sheds additional light on how the in utero environment may affect programming of blood pressure regulation.
(A) (B) (C) Figure 6 . Plasma osmolarity was directly related to kidney. (A) AT1R expression (P < 0.02) and to kidney (B) AT2R expression (P < 0.02), and (C) trended toward a direct relationship to kidney MASR expression (P = 0.06).
Supplementary data
Supplementary data are available at BIOLRE online.
Supplementary Figure 1 . Control staining of fixed kidneys for AT1R, AT2R, and MASR in NSR (A, C, E) and USR (B, D, F) at GD120, marker indicates 50 μm. Photomicrographs are representative of kidney sections stained from at least different three nonsibling fetuses at each GD. DAB brown staining identifies receptor localization, with blue nuclear counterstain with hematoxylin. Macula densa (block arrow), proximal tubules (open arrow), distal tubules (triangle), and glomeruli (star) are identified when present. Supplementary Figure 2 . Control staining of fixed kidneys for AT1R, AT2R, and MASR in NSR (A, C, E) and USR (B, D, F) at GD130, marker indicates 50 μm. Photomicrographs are representative of kidney sections stained from at least different three nonsibling fetuses at each GD. DAB brown staining identifies receptor localization, with blue nuclear counterstain with hematoxylin. Macula densa (block arrow), proximal tubules (open arrow), distal tubules (triangle), and glomeruli (star) are identified when present.
Supplemental Table S1 . Source and dilution of antibodies used.
